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Antifungals targeting membrane ergosterol are
longstanding, yet indispensable drugs in clinical
use. However, the mechanisms by which the cellular
membrane domains recognized by these antibiotics
are generated remain largely unknown. Here, we
demonstrate that the balance between endocytosis
and exocytosis in membrane trafficking is a critical
factor in the action of sterol-targeting antibiotics.
When fission yeast cells were treated with manu-
mycin A, cellular binding and the action of the
antifungals filipin, amphotericin B, and theonella-
mides, all of which are ergosterol-binders, were
abolished. Additionally, manumycin A treatment
attenuated Cdc42 activity and inhibited exocytosis,
while endocytosis was only moderately suppressed.
Similar defects in membrane trafficking could be
reproduced by heat shock and genetic perturba-
tion, which also abolished the action of the antibi-
otics. We propose that exocytosis and endocytosis
respectively supply and internalize the specific
plasma membrane domains recognized by sterol-
targeting antibiotics.
INTRODUCTION
The cell membrane serves as a physical barrier that defines
the cell boundary and segregates the interior into distinct com-
partments, each performing a specialized function. Among the
many lipid constituents of cell membranes, sterols are unique
in that they are major regulators of membrane fluidity and thick-
ness and contribute to the formation of specific membrane
microdomains (Simons and Ikonen, 1997). Additionally, sterols
are medically important molecules often targeted by antibiotics
and toxins. Using artificial membranes, many studies have
been carried out to gain insights into the action of sterol-target-
ing exogenous molecules. However, as yet, little is known
about how antibiotics recognize the cellular membrane, and
how the corresponding membrane domains are generated in
the cell (Bolard, 1986; Gray et al., 2012). Cellular membranes1690 Chemistry & Biology 21, 1690–1699, December 18, 2014 ª2014are highly complex; it is therefore imperative to use the right
model organism with clear-cut phenotypes to elucidate the
basic mechanisms behind the construction of the living cell
membrane.
The fission yeast Schizosaccharomyces pombe is a rod-
shaped unicellular organism that grows by length extension
at the cell tips, where actin patches, glucan synthases, and
the processes of exocytosis and endocytosis are all concen-
trated (Hayles and Nurse, 2001). Sterol-rich domains in the
plasma membrane have also been detected at the growing
cell tips (Wachtler et al., 2003). Most of the components
located at the cell tips during interphase, including these ste-
rol-rich plasma membrane domains, are recruited to the site
of cytokinesis for equal distribution upon cell division. Since
the polarity of sterol-rich membrane domains in S. pombe
cells can be clearly visualized using sterol probes and fluo-
rescence microscopy (Nishimura et al., 2010; Wachtler
et al., 2003), S. pombe is an excellent model organism for
investigating the physical and biological nature of sterol-rich
membrane domains. The polarized distribution of these do-
mains is regulated in a cell cycle-dependent manner (Wach-
tler et al., 2003) and has been shown to require normal
actin cytoskeleton organization (Codlin et al., 2008; Takeda
et al., 2004), myosin type I (Myo1) protein (Takeda and
Chang, 2005), and Cdc15, a contractile ring protein (Takeda
et al., 2004).
In addition to the cytoskeletal machinery, the functional secre-
tory pathway was also shown to be necessary for sterol-rich
membrane domain distribution; in cell-cycle mutant cdc25-22
cells, brefeldin A (BFA), an inhibitor of ER-to-Golgi transport
(Graham et al., 1993), inhibited the appearance of sterol-rich do-
mains (Wachtler et al., 2003). However, in wild-type cells, BFA
treatment yielded rather bright fluorescent signals that lost polar-
ity, raising the question of whether the functional secretory
pathway alone is sufficient for generating polarized sterol local-
ization (Figure S1A available online).
During the course of screening for chemical modulators
of the action of membrane-targeting antibiotics, we found
that manumycin A (manu-A) inhibited the binding of sterol-
targeting antibiotics to fission yeast cells. Here, using manu-
A as a chemical genetics tool, we demonstrate that the
balance between exocytosis and endocytosis is critical for
generating the membrane domains recognized by sterol-target-
ing antibiotics.Elsevier Ltd All rights reserved
Chemistry & Biology
Membrane Trafficking and Antibiotic EfficacyRESULTS AND DISCUSSION
Manu-A Abolishes the Cellular Binding of
Sterol-Targeting Antibiotics
Sterol-rich domains in the plasma membrane can be visualized
with filipin, a polyene antibiotic that exhibits fluorescence upon
binding to membrane sterols (Drabikowski et al., 1973). To
investigate how cellular membranes are recognized by sterol-
targeting antibiotics, we tested a set of chemicals for their effect
on filipin staining. We found that when cells were pretreated
with manu-A (see structure in Figure 1A), the fluorescent signal
from filipin was absent (Figure 1B). There are two possible
mechanisms for this phenomenon: manu-A might quench
the fluorescence of the filipin-sterol complexes, or it might
sequester sterols, thereby hampering the formation of the fili-
pin-sterol complexes. To investigate these possibilities, we
tested the effect of manu-A on other sterol-targeting antibiotics.
First, we tested amphotericin B (AmB), another polyene antibi-
otic that is commonly prescribed as an ergosterol-targeting
antifungal drug (Volmer et al., 2010). AmB is known to induce
large vacuoles in yeast cells, probably as a consequence of
binding to ergosterol (Bhuiyan et al., 1999). However, this
morphological change was suppressed when the cells were
pretreated with manu-A (Figure 1C). Notably, the toxicity of fili-
pin and AmB were also attenuated (Figure 1D). In fission yeast
cells, filipin showed toxicity at 2 mg/ml and partially inhibited
growth of the cells at 1 mg/ml. In the presence of manu-A,
growth inhibition by filipin (1 mg/ml) was not observed, although
it must be noted that cell growth was attenuated by manu-A
across all filipin concentrations. The mitigating effect of manu-
A on AmB toxicity was more distinct, as the minimum inhibitory
concentration (MIC value) of AmB doubled in the presence of
manu-A.
Next, we examined theonellamides (TNMs), bicyclic peptides
isolated from marine sponges (Matsunaga and Fusetani, 1995;
Matsunaga et al., 1989) that target membrane sterols (Espiritu
et al., 2013). TNM fluorescent derivatives, such as TNM-amino-
methylcoumarin acetate (AMCA), specifically recognize 3b-hy-
droxysterols. These fluorescent derivatives can therefore act
as markers of 3b-hydroxysterols in both yeast (Ho et al., 2009;
Nishimura et al., 2010) and cultured mammalian cells (Nishimura
et al., 2013). TNM-AMCA treatment of the fission yeast cells ex-
hibited polarized staining similar to that obtained with filipin, and
this staining was also inhibited by pretreatment with manu-A
(Figure 1E). Treatment of fission yeast cells with TNMs induces
abnormal cell wall morphology (Nishimura et al., 2010). Consis-
tent with the inhibition of the cellular binding of TNM-AMCA by
manu-A, this abnormal cell wall phenotype was not observed
following pretreatment with manu-A (data not shown). Addition-
ally, growth inhibition by TNM-Awas also attenuated (Figure 1D),
and manu-A quadrupled the MIC value of this compound.
Because filipin, AmB, and TNMs belong to different chemical
classes based on their structure (Figure S2), the effect of
manu-A is unlikely to be dependent on the chemical properties
of the antibiotics. It is unlikely that the fluorescence of the
filipin-sterol complexes was directly quenched by manu-A.
Instead, it is likely that manu-A treatment sequesters antibiotic-
targeted ergosterol molecules in the plasma membrane using
as yet unknown mechanisms.Chemistry & Biology 21, 1690–169Manu-A was originally isolated from Streptomyces parvulus
(Zeeck et al., 1987). This metabolite has been reported to
inhibit several enzymes including caspase I (Tanaka et al.,
1996) and neutral sphingomyelinase (Arenz et al., 2001), and
protein farnesyltransferase (FTase) (Hara et al., 1993). It has
also been observed to inhibit protein FTase in the budding
yeast, Saccharomyces cerevisiae (Hara et al., 1993). We there-
fore examined the possibility that FTase inhibition is respon-
sible for the effects of manu-A observed in S. pombe. Protein
FTase consists of a and b subunits encoded by the cwp1
and cpp1 genes, respectively. FTase activity was abolished in
cells lacking the cpp1 gene (Yang et al., 2000), however,
sterol-rich membrane domains were still observed to localize
in a polarized manner, although polarity in the cell shape was
severely reduced (Figure 1F) (Ma et al., 2006). Additionally,
the sterol-rich domains of these mutant cells disappeared after
treatment with manu-A. We also examined the css1 gene,
which encodes inositol phosphosphingolipid phospholipase
C, a yeast counterpart of mammalian sphingomyelinase.
Manu-A has been reported to inhibit neutral sphingomyelinase
(Arenz et al., 2001). Sphingomyelinase catalyzes the hydrolysis
of sphingomyelin to produce ceramide, which is required for
membrane budding in liposomes and exocytosis in mammalian
cells (Trajkovic et al., 2008). However, css1 mutant cells did not
reproduce the phenotype of manu-A treatment (Figure S3A).
These results indicated that protein FTase and inositol phos-
phosphingolipid phospholipase C do not mediate the effect of
manu-A on the plasma membrane.
Sterol Levels and Sterol-Rich Membrane Domains
The disappearance of sterol-rich domains from the plasma
membrane can be caused by a decrease in sterol levels. We
therefore measured the amount of ergosterol present in cells
subsequent to treatment with manu-A, under the following
two conditions. When cells were cultivated in a rich medium
containing manu-A (1 mg/ml), the ergosterol level decreased
to 77.7 ± 6.0% and no filipin signal was detected (Figure 1B).
In contrast, when cells were cultivated in a synthetic medium,
a lower concentration of manu-A (0.1 mg/ml) decreased the
ergosterol level to a similar level of 75.6 ± 2.7%, although the
filipin signal was still observed (Figure S3B). These results re-
vealed that the amount of ergosterol present could not be
correlated to the presence or absence of sterol-rich domains
in the plasma membrane. We next compared the kinetics of
the effect of manu-A and terbinafine, a potent inhibitor of
squalene epoxidase, a requisite enzyme for ergosterol biosyn-
thesis (Figures S3C and S3D). Compared with manu-A, a longer
incubation period (more than 5 h) with terbinafine was required
before the sterol-rich membrane domains were observed to
disappear. These results suggested that a decrease in ergos-
terol was not responsible for the disappearance of sterol-rich
membrane domains in the presence of manu-A. The decreased
ergosterol levels affected by manu-A may be a result of feed-
back regulation following dysregulation of membrane trafficking
(as discussed further below). As a case in point, cells lacking
the apm1 gene, which encodes the AP-1 adaptor complex m
subunit involved in vesicle-mediated transport, are known to
contain only about 50% of ergosterol due to an unknown
mechanism (Fang et al., 2012).9, December 18, 2014 ª2014 Elsevier Ltd All rights reserved 1691
Figure 1. Manu-A Abolishment of the Binding and Effect of Sterol-Binding Antibiotics
(A) Chemical structure of manu-A.
(B) Sterol-rich plasmamembrane domains of fission yeast cells. Domains were visualized with filipin (upper right hand panel). Manu-A treatment (1 mg/ml) for 1 hr
abolished the fluorescent signal of filipin binding (lower right hand panel).
(C) Cellular effect of AmB. Cells were treated with AmB (1 mg/ml) for 1 hr in the presence or absence of manu-A (1 mg/ml) and observed under microscopy.
(D) Effect of manu-A on the growth inhibition exerted by antibiotics. Yeast cells were incubated with sterol-targeting antibiotics in the presence (white) or absence
(black) of manu-A (0.5 mg/ml) for 26 hr. Data represent the mean ± SD, n = 3–4. Statistical significance of p < 0.05 (*) and p < 0.01 (**) were determined by t test,
calculated using cell growth values normalized using optical density of the cultures in the absence of manu-A.
(E) Binding of TNM-AMCA in the presence of manu-A. Cells were incubated with or without manu-A (1 mg/ml) for 1 hr, and then stained with TNM-AMCA (1 mg/ml)
for 1 hr.
(F) Sterol-rich domains in cpp1D cells. The domains were visualized with filipin in the presence or absence of manu-A (1 mg/ml). Scale bars, 10 mm. Control (ctl),
differential interference contrast microscopy (DIC).
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Sterol localization is controlled in a cell cycle-dependent manner
(Wachtler et al., 2003); we therefore hypothesized that the effect
of manu-A on the plasma membrane would correlate with its
cell growth inhibitory activity. To identify the genes involved in1692 Chemistry & Biology 21, 1690–1699, December 18, 2014 ª2014the action of manu-A, we conducted a genome-wide screen
using a decreased abundance by mRNA perturbation (DAmP)
strain collection of the budding yeast Saccharomyces cerevisiae
(Breslow et al., 2008; Yan et al., 2008). DAmP acts by
destabilizing mRNA transcripts through the integration of anElsevier Ltd All rights reserved
Figure 2. Relationship between Cdc42 and Manu-A
(A) Effect of Cdc42 expression levels on manu-A sensitivity. Cells containing mock vectors (black), cells overexpressing wild-type Cdc42 (blue), or the dominant-
negative form, Cdc42-T17N (red), were cultured in the presence of manu-A. Cell growth was measured after 48 hr incubation. Data represent the mean ± SD,
n = 4.
(B) Cellular localization of activated Cdc42 (detected using CRIB-GFP) and sterol-rich membrane domains (detected using filipin). Cells treated with or without
manu-A (1 mg/ml) for 1 hr were observed under fluorescent microscopy. Arrowheads indicate the colocalization of CRIB-GFP and filipin signals. Scale bar, 10 mm.
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genes of interest, thereby yielding hypomorphic alleles (Muhlrad
and Parker, 1999). Genes involved in the mode of action of a
bioactive compound can then be identified by screening
DAmP strain collections for strains that are sensitive to the com-
pound (Breslow et al., 2008; Yan et al., 2008).
The growth of the budding yeast cells was observed to be
sensitive to manu-A (Figure S4A). After screening 878 haploid
DAmP strains, we identified 28 genes for which downregula-
tion conferred increased sensitivity to manu-A (Figures S4A–
S4C). Among these, we found several genes involved in
membrane trafficking: SEC31, which encodes a component
of the COPII vesicle coat required for vesicle formation in
ER-to-Golgi transport; and PAN1, which encodes a protein
that associates with actin patches and promotes protein-pro-
tein interactions essential for endocytosis. ERG8, an essential
gene for the biosynthesis of isoprenoids and ergosterol, was
also identified. Notably, CDC24, which encodes a guanosine
diphosphate-guanosine triphosphate (GTP) exchange factor
for Cdc42, was similarly identified as a sensitive DAmP mutant
(Park and Bi, 2007). Cdc42 is known to regulate the polariza-
tion of the actin cytoskeleton and membrane trafficking toward
the sites of cell growth (Park and Bi, 2007; Perez and Rinco´n,
2010).
These results led us to hypothesize that manu-A perturbs
Cdc42, which in turn effects the formation of sterol-rich mem-
brane domains. To test whether manu-A targets the Cdc42
pathway in fission yeast, we first examined the effect of overex-
pression of Cdc42 on the growth inhibitory activity of manu-A.
Overexpression of wild-type Cdc42 had no effect, whereas cells
expressing the dominant-negative form of Cdc42 became more
sensitive to manu-A compared with cells containing mock vec-
tors (Figure 2A). We next examined the activity of Cdc42 using
a fluorescent fusion protein called Cdc42/Rac interactive bind-
ing peptide-green fluorescent protein (CRIB)-GFP, which specif-
ically binds to activated, GTP-bound Cdc42 (Tatebe et al., 2008).Chemistry & Biology 21, 1690–169In wild-type cells, CRIB-GFP signal was concentrated at the
growing cell tips during interphase and around the division plane
during mitosis (Figure 2B). After the addition of manu-A, cortical
GFP signal was barely detectable, indicating that Cdc42 was
inactivated. In contrast, cortical localization visualized using
GFP-Cdc42 fusion protein was not abolished completely, and
the prenylation status of Cdc42 protein appeared unaffected
by manu-A (Figures S4D and S4E). Together, these results sug-
gested that the Cdc42 activation pathway is targeted by manu-A
in fission yeast cells.
Inhibition of Exocytosis by Manu-A
In fission yeast cells, Cdc42 regulates the actin cytoskeleton
(Martin et al., 2007; Rinco´n et al., 2009) and multiple membrane
trafficking events (Estravı´s et al., 2011). Since Cdc42 was down-
regulated by manu-A, we next investigated whether the effect
of manu-Awasmediated through the disorganization of the actin
cytoskeleton and/or dysregulation of membrane trafficking.
In fission yeast cells, the actin cytoskeleton consists of actin
cables, actin patches, and a contractile ring during vegetative
growth (Kovar et al., 2011). Cells treated with manu-A exhibited
apparently delocalized actin patches with randomly localized
actin cables, indicating that cells lost polarity in actin structures
in the presence of manu-A (Figure S5A). However, genetic
perturbation of the actin cytoskeleton organization did not result
in a similar phenotype; when temperature-sensitive cps8-188
cells were left at the restriction temperature, the fluorescent
signal of filipin became delocalized and distributed over the
plasma membrane (Codlin et al., 2008). Furthermore, the effect
of manu-A on cell growth was almost indistinguishable be-
tween actin mutant cells and wild-type cells (Figure 3A). These
results indicated that the effect of manu-A on the plasma mem-
brane was not exerted through disorganization of the actin
cytoskeleton.
Next, we investigated the relationship between manu-A and
membrane trafficking. A terminal phenotype of a thermosensitive9, December 18, 2014 ª2014 Elsevier Ltd All rights reserved 1693
Figure 3. Effect of Manu-A on Cell Growth, Exocytosis, and Endocytosis
(A) Growth inhibition of mutant cells by manu-A. Growth of cps8-188 cells (27C for 24 hr), pob1-664 cells (30C for 26 hr), and rho3D cells (30C for 26 hr) in the
presence of manu-A was compared with that of wild-type cells.
(B) Exocytosis inhibition by manu-A. Activity of secreted acid phosphatase from wild-type, pob1mutant, and rho3 deletion cells in the presence of manu-A was
measured. Acid phosphatase activity was normalized with cell density. Cells were cultivated at 27C and at various manu-A concentrations: 0 (black), 0.05 (red),
0.1 (blue), and 0.5 (green) mg/ml.
(C) Reappearance of sterol-rich membrane domains after treatment with a low concentration of manu-A. Manu-A (0.05 mg/ml) was added to the cells in EMMP,
followed by visualization of sterol-rich membrane domains using filipin. Fluorescent images after 1 hr treatment (left) and 5 hr treatment (right) are shown.
(legend continued on next page)
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To test the possibility that manu-A inhibits exocytosis, we
measured the secretion of acid phosphatase, a protein marker
of exocytosis (Wang et al., 2002). When cells were exposed
to manu-A, secretion of acid phosphatase was inhibited in a
dose-dependent manner (Figure 3B). The effective concentra-
tion was comparable to that necessary for inhibiting the cellular
binding of antibiotics. Many protein factors have been reported
to be involved in exocytosis; for example, Pob1, which is
involved in polarized growth; and a small GTPase, Rho3, which
regulates cell separation. Although the precise molecular mech-
anism remains to be clarified, introducing mutations in the pob1
gene (pob1-664; see Nakano et al., 2011) or deletion of the rho3
gene (rho3D; see Wang et al., 2003) have been shown to
decrease secretion resulting from exocytosis. When we chal-
lenged these mutant cells with manu-A, exocytosis was sup-
pressed at lower manu-A concentrations compared with the
wild-type cells (Figure 3B); moderate inhibition was observed
in wild-type cells at 0.05–0.1 mg/ml, whereas exocytosis was
almost completely inhibited in themutant cells at a concentration
as low as 0.05 mg/ml. Additionally, manu-A more efficiently in-
hibited cell growth of the exocytosis mutant cells compared
with the wild-type cells (Figure 3A). In contrast, exocytosis of
actin mutant cells was not more sensitive to manu-A compared
with wild-type cells (Figure S5B). These results showed that the
observed cell growth inhibition by manu-A was, at least in part, a
result of the suppression of exocytosis, which in turn led to the
loss of cellular binding of sterol-targeting antibiotics.
Inhibition of Exocytosis Leads to the Disappearance of
Sterol-Rich Plasma Membrane Domains
Treatment of wild-type cells with manu-A at a low concentration
(0.05 mg/ml) inhibited exocytosis, but this inhibition was grad-
ually released (Figure 3B). If exocytosis supplies sterol-rich
membrane domains, recovery of exocytosis should lead to the
recovery of these membrane domains. We indeed observed
this using filipin staining of cells treated with a low concentration
of manu-A; although treating wild-type cells with 0.05 mg/ml
manu-A for 1 hr initially abolished the filipin signal, the same
signal reappeared 5 hr later (Figure 3C). In contrast, when higher
concentrations of manu-A were used, e.g., 0.5 mg/ml, the filipin
signal was only barely detectable 6 hr following the initial treat-
ment (Figure S6).
The exocytosis activities of the pob1 mutant and rho3D
cells were found to be more sensitive to manu-A than that
of wild-type cells. We examined recovery of the filipin signal
in these mutant cells and found that in pob1 mutant cells,
recovery of the filipin signal was not observed (Figure 3D).
Similarly, the lack of rho3 protein significantly perturbed the
signal recovery and only weak and irregular filipin staining
was observed (Figure 3D). Together, these results indicate
that manu-A inhibits exocytosis, the route by which the(D) Lack of reappearance of sterol-rich membrane domains in mutant cells. pob
stained with filipin after 5 hr.
(E) Effect of manu-A on endocytosis. Uptake of FM4-64 by wild-type cells was ob
was added to the culture and cells were observed under fluorescence microscop
188 cells were shifted to the restriction temperature (37C) for 1 hr, followed by
In (A) and (B), data represent the mean ± error bars, SD, n = 3. In (E), data repres
Chemistry & Biology 21, 1690–169sterol-rich membrane domains are supplied to the plasma
membrane.
Endocytosis Is Requisite for the Disappearance of
Sterol-Rich Plasma Membrane Domains
Manu-A inhibits exocytosis, and this inhibition appears to
abolish the production of sterol-rich membrane domains in the
plasma membrane. However, inhibition of the supply of sterol-
rich membrane domains may not to be sufficient for the com-
plete abolishment of antibiotic action, since certain portions of
the sterol-rich membrane domains should already have been
delivered to the plasma membrane prior to the addition of
manu-A. This suggested the possibility that endocytosis could
selectively internalize these domains, a process that may not
be inhibited by manu-A. Our next experiments therefore tested
the effect of manu-A on endocytosis.
In fission yeast cells, the fluorescent styryl dye FM4-64 is used
as a marker for the endocytic pathway, as FM4-64 is internalized
by endocytosis at the growing areas of the cell and is subse-
quently transported to the vacuolar membrane (Gachet and Hy-
ams, 2005).Within 30min of the addition of FM4-64, intermediate
compartments became stained despite the presence of manu-A
(although thedye intensitywasslightly decreased), indicating that
endocytosiswas uninhibited bymanu-A (Figure 3E). This analysis
suggested that manu-A did not inhibit the uptake of plasma
membrane domains, despite inhibiting the supply thereof to the
membrane and consequently inhibiting the generation of sterol-
rich membrane domains. This corroborates a previous finding
in budding yeast, where secretory vesicles were observed to be
enriched in ergosterol and sphingolipids (Klemm et al., 2009).
We also tested the effect of BFA on FM4-64 incorporation.
Cells treated with BFA showed intense and nonpolarized filipin
signal (Figure S1A). If the balance of exocytosis and endocytosis
determines the binding of sterol-targeting antibiotics, BFA
should have the opposite effect of manu-A. As expected, BFA
suppressed incorporation of FM4-64 (Figure S1C). This was
consistent with a previous report demonstrating BFA inhibition
of FM4-64 incorporation at the equatorial region in dividing cells
(Gachet and Hyams, 2005). In contrast, the secretion of acid
phosphatase was unaffected (Figure S1B). This result indicated
that the continuing export and simultaneous inhibition of the up-
take of membrane domains by BFA led to the accumulation of
sterols in the plasmamembrane as visualizedwith filipin staining.
Heat Shock Leads to the Disappearance of Sterol-Rich
Plasma Membrane Domains
Heat shock treatment induces a variety of cellular responses to
adapt to this condition (Verghese et al., 2012). We found that
sterol-rich membrane domains are also sensitive to heat shock,
as the filipin signal in wild-type cells was significantly decreased
after the temperature was shifted from 27C to 37C (Figure 4A).
This response was transient and the sterol-rich membrane1-664 (left) and rho3D cells (right) were treated with 0.05 mg/ml manu-A and
served after treatment with DMSO (0.1%) or manu-A (1 mg/ml) for 1 hr. FM4-64
y. Uptake of FM4-64 was calculated after 0.5 hr. In a control experiment, cps8-
FM4-64 treatment and observation of FM4-64 uptake.
ent the mean ± error bars, SE, n = 3.
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Figure 4. Transient Disappearance of
Sterol-Rich Plasma Membrane Domains
following Heat Shock
(A) Disappearance and reappearance of sterol-
rich plasma membrane domains following heat
shock treatment. Wild-type cells in YE5S were
shifted from 27C (left) to 37C for 1 hr (middle) and
5 hr (right), and the presence of sterol-rich mem-
brane domains was visualized using filipin. Scale
bar, 10 mm.
(B) Kinetics of exocytosis after heat shock. Cells
were cultured at 27C (black) or shifted from 27C
to 37C (red) at time 0. Activity of secreted acid
phosphatase was measured and normalized with
cell density. Data represent the mean ± SD, n = 3.
(C) Effect of heat shock on endocytosis. Wild-type
cells in YE5S were shifted from 27C (left) to 37C
for 1 hr, and uptake of FM4-64was observed. Data
represent the mean ± SE, n = 3.
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that this phenomena may be similar in mechanism to that of
treatment with low concentrations of manu-A, and we expected
that while heat shock may transiently suppress exocytosis,
endocytosis would not be affected. To test this hypothesis,
we analyzed the kinetics of exocytosis after heat shock (Fig-
ure 4B). As expected, exocytosis was attenuated and no release
of acid phosphatase was observed 2 hr after the temperature
shift. As a consequence, the concentration of released acid
phosphatase was lower than that for the control cells (no temper-
ature shift). In contrast, cellular uptake of FM4-64 was uninhib-
ited by the temperature shift (Figure 4C).We therefore concluded
that heat shock temporarily halts exocytosis, but not endo-
cytosis, thereby facilitating the disappearance of sterol-rich
membrane domains in the plasma membrane, similar in effect
to manu-A treatment.
Sterol-Targeting Antibiotic-Resistant Cells Exhibit
Defect in Exocytosis
Resistance to antibiotics can be the result of multiple mecha-
nisms. Our emerging model suggested the possibility that cells
may exhibit tolerance toward sterol-targeting antibiotics where
a defect in exocytosis is present. To investigate this possibility,
we first examined the secretion of acid phosphatase from ergos-
terol mutant cells. Knockout of the erg2 gene or simultaneous
deletion of the erg31 and erg32 genes in fission yeast is known
to cause tolerance to sterol-targeting antibiotics (Iwaki et al.,
2008). However, we could not detect any defects in acid phos-
phatase secretion (data not shown).
We next examined overexpression of the SPCC23B6.04c
gene. We previously conducted genome-wide screening to
identify genes conferring altered sensitivity to chemicals by their1696 Chemistry & Biology 21, 1690–1699, December 18, 2014 ª2014 Elsevier Ltd All rights reoverexpression (Nishimura et al., 2010).
Among the 4,800 genes screened,
SPCC23B6.04c was identified as a resis-
tance gene common to AmB, nystatin,
and TNM-F, a closely related congener
of TNM-A (Matsunaga et al., 1989). We
first investigated the cellular binding of fil-ipin and TNM-AMCA to cells overexpressing SPCC23B6.04c. As
expected, neither compound bound to the cells (Figures 5A and
5B), suggesting that antibiotic-sensitive sterol-rich membrane
domains are not supplied to the plasmamembrane in these cells.
Next, we measured the degree of exocytosis and endocytosis.
We found that the secretion of acid phosphatase was signifi-
cantly decreased by overexpression of SPCC23B6.04c (Fig-
ure 5C). When overexpression was suppressed by addition of
thiamine, this defect was not observed. In contrast, endocytosis
was unaffected by overexpression of this gene (Figure 5D). The
intensity of FM4-64 dye incorporated into these cells was no
different to that of the control cells. Although the molecular func-
tion of the gene product of SPCC23B6.04c is still unknown,
these results add further support to our model (discussed below,
Figure 6).
Model for the Generation of Antibiotic-Sensitive Sterol-
Rich Plasma Membrane Domains
Based on our results, we propose a model in which exocytosis
supplies and endocytosis internalizes the specific membrane
domains recognized by sterol-targeting antibiotics (Figure 6). In
this study, we first showed that manu-A caused defects in mem-
brane trafficking and abolishment of the effect of sterol-targeting
antibiotics. Manu-A inhibited Cdc42 activity and its downstream
event, exocytosis. In contrast, endocytosis was only partially in-
hibited. Heat shock and overexpression of a gene with unknown
function, SPCC23B6.04c, induced similar defects in membrane
trafficking and decreased binding of sterol-targeting antibiotics.
BFA inhibited the incorporation of FM4-64, but not the secretion
of acid phosphatase. Treatment with BFA exhibited intense fluo-
rescence of filipin at the plasma membrane, suggesting that the
selective inhibition of endocytosis resulted in the accumulationserved
Figure 5. Effect of Overexpression of
SPCC23B6.04c on Sterol-Targeting Antibi-
otics and Membrane Trafficking
(A and B) Binding of filipin (A) or TNM-AMCA (B)
to control cells (left) and SPCC23B6.04c-over-
expressing cells (right). Scale bars, 10 mm.
(C) Attenuation of exocytosis by overexpressing
SPCC23B6.04c. Activity of secreted acid phos-
phatase from control cells (black) and over-
expressing cells (red) in the absence (solid) or
presence (dashed) of thiamine was measured.
Acid phosphatase activity was normalized with
cell density. Cells were cultivated at 27C. Error
bars, SD, n = 3.
(D) Effect of overexpression of SPCC23B6.04c on
endocytosis. Uptake of FM4-64 by control and
overexpressing cells was observed. Error bars,
SE, n = 3.
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Membrane Trafficking and Antibiotic Efficacyof excess sterols. Taken together, balanced membrane traf-
ficking appears essential for the regulation of the quantity of
antibiotic-sensitive and sterol-rich domains in the plasma
membrane.
SIGNIFICANCE
The species and quantity of lipid molecules in the plasma
membrane are maintained by multiple mechanisms in-
volving vesicle transport, lipid transport proteins, and local
metabolic reactions (van Meer et al., 2008). Here, we have
demonstrated that the proper balance between exocytosis
and endocytosis produces membrane domains that are
recognized by sterol-targeting antibiotics, as the specific in-
hibition of exocytosis, but not endocytosis by manu-A, heat
shock, or overexpression of SPCC23B6.04c, all abolished
the cellular binding of these antibiotics. Originally, mem-
brane domains stainable by filipin were termed sterol-rich
membrane domains (Wachtler et al., 2003), and similar stain-
ing patterns have since been observed when using fluores-
cently labeled TNMs (Nishimura et al., 2010). However,
manu-A abolished the efficacy of not only filipin and TNMs,
but also that of AmB, for which the subcellular localization
remains unknown. Based on these observations, we sug-
gest that the sterol-rich membrane domains are also intrin-
sically antibiotic-sensitive, at least in fission yeast. In silico
simulations, based on experimental data, have predicted
that the actin cytoskeleton, exocytosis, and endocytosis all
coordinate to create cell polarity (Chou et al., 2012), which
in turn is most likely regulated by Cdc42 (Mogilner et al.,
2012). Many protein factors involved in cell polarization
have been identified. However, mutations of these genes
usually affect the total cell morphogenesis. Manu-A en-
ables quick and complete inhibition of Cdc42 activity andChemistry & Biology 21, 1690–1699, December 18, 2014 ªexocytosis, leading to the disappear-
ance of sterol-rich antibiotic-sensitive
membrane domains without the loss
of cell shape polarity. This microbial
metabolite could therefore prove a
valuable tool for investigating the mo-lecularmechanisms underlying the establishment andmain-
tenance of cell morphogenesis.
EXPERIMENTAL PROCEDURES
Reagents
Filipin and AmB were purchased from Sigma-Aldrich. FM4-64 was from Invi-
trogen. TNM-AMCA was prepared as described previously (Ho et al., 2009).
Manu-A was a gift from Kyowa Hakko Kirin. Anti-GFP antibody (GF200) was
purchased from Nacalai Tesque, and anti-a-tubulin antibody (B-5-1-2) was
from Sigma-Aldrich.
Yeast Strains
Deletion of the cpp1 gene (SN246: h leu1-32 cpp1::kanr) and rho3 gene
(SN168: h rho3::kanr), and overexpression and tagging of Cdc42 were
carried out as described in the Supplemental Experimental Procedures.
An overexpression strain, SPCC23B6.04c, was constructed as previously
reported (Matsuyama et al., 2006). Overexpression was induced in the
absence of thiamine, whereas promoter activity was suppressed by the
addition of thiamine (5 mM). Other strains were gifts from various yeast
researchers.
Microscopy
Cells were treated with compounds at 27C unless stated otherwise in the
figure legends. Staining with filipin and TNM-AMCA were carried out as previ-
ously described (Nishimura et al., 2010; Wachtler et al., 2003). Vacuole
morphology was visualized with FM4-64 as previously described (Gachet
and Hyams, 2005). A MetaMorph system (Molecular Devices) was used for im-
age acquisition together with an Olympus IX81 fluorescence microscope
equipped with an UPLSAPO 1003 lens. Fluorescence intensity was quantified
using the MetaMorph software.
Extraction and Analysis of Sterols
Cells were cultivated in the presence or absence of manu-A, harvested,
washed with ice-cold water, and stored at 80C until extraction. Cells
(33 107) were suspended in 75% aqueousMeOH (2ml) containing 0.1% py-
rogallol and 10 mg 4,40-di-tert-butyl-2,20-bipyridiyl as an internal control. CHCl3
(1 ml) was added to the suspension, which was then vortexed vigorously (30 s).2014 Elsevier Ltd All rights reserved 1697
Figure 6. Model of the Production of Ster-
ol-Rich/Antibiotic-Sensitive Plasma Mem-
brane Domains
In actively dividing cells, exocytosis supplies ste-
rol-rich and probably antibiotic-sensitive mem-
brane domains to the plasma membrane.
Endocytosis internalizes these domains. After the
addition of manu-A or heat shock treatment,
exocytosis is selectively suppressed while endo-
cytosis is unaffected, leading to the disappear-
ance of sterol-rich and antibiotic-sensitive mem-
brane domains.
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Membrane Trafficking and Antibiotic EfficacyPetroleum ether (2 ml) was added to the mixture, followed by vortexing and
centrifugation, and the upper layer was subsequently collected. This proce-
dure was repeated twice to obtain three petroleum ether extracts. The extracts
were pooled, dried over Na2SO4, and concentrated in vacuo. The pellet was
dissolved in N,N-dimethylformamide (100 ml), and 2 ml of this suspension
was analyzed by high performance liquid chromatography (HPLC). The
HPLC conditions were as follows: column, Shiseido Capcell Pak C18 UG120
4 4.63 250 at 40C; solvent system, 85%–100%MeOH over 20 min followed
by 100%MeOH for 10 min with a flow rate of 1 ml/min; and detection, 282 nm.
The quantity of ergosterol detected was calculated and normalized using the
internal control.
Measurement of Acid Phosphatase Secretion
Acid phosphatase secretion was assayed as described previously with some
modifications (Nakano et al., 2011; Wang et al., 2002). Cells grown overnight in
YE5S media at 27C were then cultivated at 27C overnight in Edinburgh min-
imal medium (EMM) media. Cells were pelleted, washed with EMM without
phosphate (EMMP), and suspended in fresh EMMP. Cell cultures (at an
OD595 of 0.2) were incubated at 27
C with or without manu-A. At each time
point, 500 ml culture were centrifuged, and 400 ml of the subsequent superna-
tant were added to 400 ml substrate solution (2 mM p-nitrophenyl phosphate,
0.1 M sodium acetate, pH 4.0; prewarmed to 30C), and the mixture was then
incubated at 30C for 5 min. Reactions were stopped by the addition of 400 ml
of 1 M NaOH. The absorbance at 405 nm was measured using the medium
only as a blank control, and exocytosis efficiency was calculated as the ratio
of OD405/OD595.
Statistical Analysis
Results are shown as mean values ± SD or SE as indicated in the figure leg-
ends. Statistical significance was determined by Student’s t test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.chembiol.2014.10.014.
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